We investigated effects of localization and strain on the optical and magneto-optical properties of diluted nitrogen III-V quantum wells theoretically and experimentally. High-resolution x-ray diffraction, photoluminescence (PL), and magneto-PL measurements under high magnetic fields up to 15 T were performed at low temperatures. Bir-Pikus Hamiltonian formalism was used to study the influence of strain, confinement, and localization effects. The circularly polarized magneto-PL was interpreted considering localization aspects in the valence band ground state. An anomalous behavior of the electron-hole pair magnetic shift was observed at low magnetic fields, ascribed to the increase in the exciton reduced mass due to the negative effective mass of the valence band ground state. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Electronic structure of semiconductor systems is sensitive to alloy compositions, confinement, strain, and magnetic fields. The simultaneous combination of such effects results in particular, behaviors. For instance, introducing small amounts of nitrogen (N) in conventional III-V arsenidebased alloys causes a drastic decrease in the bandgap emission due to the coupling between the bottom conduction band and the top of the resonant band of localized nitrogen. 1, 2 This fact has drawn much attention due to their potential applications in optoelectronic devices in the optical range of 1.30-1.55 lm, which is interesting for telecommunications. However, the presence of N usually introduces strain, as well as alloy imperfections (localized states) which significantly alter the optical emission in different ways. [3] [4] [5] [6] In fact, using nitrogen in InGaAsN results in an undesirable deterioration of its optical quality. It is widely known that the broad photoluminescence (PL) band, which is attributed to the recombination of localized excitons (LEs), consists of narrow lines related to the recombination of individual localized excitons. 7, 8 These localization effects in N-diluted III-V semiconductors are attributed to electrons trapped in alloy imperfections which were introduced during the growth at a low temperature. [8] [9] [10] [11] [12] A discussion on the enhancement of electron effective mass due to the conduction band interaction and the nitrogen alloy imperfection state above the gap has been studied in the literature. 13, 14 This leads to a peculiar reduction in the diamagnetic shift detected in the optical recombination of excitons. Yet, as also reported in Ref. 13 , unusually large in-plane masses can also be found, and as described here, even negative diamagnetic shifts could be expected. These additional effects can be ascribed to exciton localization in alloy imperfections, as will be shown in this article.
The focus of this study is the correlation between spinresolved optical emission, strain, and confinement modulation produced by defects in nitrogenated heterostructures. Within the framework of a multiband calculation, these effects can be combined with strain. The biaxial strain produced at the interfaces is introduced into the Pikus-Bir Hamiltonian. 15 The hydrostatic strain component renormalizes the gap (dE h ) proportionally to the deformation potential a d ¼ a v þ a c , with a v the valence band contribution and a c the contribution of the conduction band. In turn, the shear strain leads to the relative shift (dE s ) between the top valence subbands, heavy E hh , and light-hole, E lh . Therefore, the impact of confinement, strain, and alloy imperfection effects are discussed based on our experimental results in optical properties of [100] double InGaAsN/GaAs and InGaAs/GaAs (reference) quantum wells (QWs).
The paper is organized as follows: Section II describes the experimental methods, Sec. III explains the details of the electronic structure calculation, and Sec. IV discusses the main results. The concluding remarks are presented in Sec. V.
II. EXPERIMENT
Our samples were grown by Molecular Beam Epitaxy (MBE) using a Varian Gen-II system on a semi-insulating (100)GaAs substrate. The samples consist of a double QW structure as follows: 100 nm GaAs buffer layer, 100 nm Al 0. 35 QW, 100 nm GaAs barrier, 4 nm InGaAsN QW, 100 nm GaAs barrier, 100 nm Al 0.35 Ga 0.65 As barrier, and 10 nm GaAs cap layer. The nominal concentrations of In and N are 36% and 1.2%, respectively. The growth temperature was 600 C except for the QWs which were grown at 450 C. The QWs are labeled QWN4 and QWN7 for 4 nm QW width and 7 nm QW width, respectively. The reference sample was grown by using the same parameters except for the QWs which consist of In 0.36 Ga 0.64 As QWs. 16 All samples were characterized by high-resolution x-ray diffraction (HRXRD) employing the Cu-K a1 line (k ¼ 1.54056 Å ) for symmetrical (400) reflections in (100)-substrates. PL measurements were performed in the range of 10-300 K in a Janis cryostat. Circularly polarized magneto-photoluminescence was investigated using appropriate optical components in a Faraday configuration at 4 K under magnetic fields up to 15 T. All samples were excited by a 532 nm diode laser at an intensity of 10 2 W cm À2 and the PL signal collected in a micro-PL setup by a 0.5 m Andor spectrometer coupled with an InGaAs array diode.
III. ELECTRONIC STRUCTURE
As the samples were grown along the direction [100], the representation of the Hamiltonian in the presence of a magnetic field is given by a 4 Â 4 matrix
where H K is the Luttinger Hamiltonian in the axial approximation, 17, 18 which includes the magnetic field applied along the direction z within the same framework. The potential profile V (r) for the heavy and light-holes is introduced to the diagonal terms of H K . The Hamiltonian H K is given by
The matrix elements are
where
m 0 is the electron mass, k is the effective magnetic length of the QW, the cyclotron frequency is given by x e ¼ eB m 0 c , and q, j, c a (a ¼ 1, 2, 3) are the Luttinger parameters. Parameters q and j give the Zeeman contribution and c a can be obtained from the anisotropic effective masses or calculated from the first principles.
The split-off and valence bands are separated in more than 300 meV. Therefore, we have neglected split-off effects and used a Luttinger Hamiltonian with strain field because the valence sub-bands effects are much more significant than split-off bands effects. The contribution of strain to the valence sub-bands hh and lh is given by
with e k? ¼ e k À e ? , e ? ¼ À2
, where
is the lattice parameter of the substrate (GaAs) and a L , for the material in the quantum well; a c , a v , b, and d are the deformation potentials, and C ij are the elastic constants. According to the sign of the strain in the quantum well, the relative shift of the hh and lh sub-band may drastically affect the electronic structure. By changing their relative position, the effective coupling between them will certainly be altered. In Fig. 1 , we show how compressive or tensile strain affects the relative positions of the bottom of the conduction band and the tops of the hh and lh sub-bands. A compressive strain (e k < 0) increases the emission energy for both an optical recombination involving electron-lh and electron-hh. Yet, the electron-hh transition shift is less significant as the hh and conduction band move in the same direction.
Additionally, it has been discussed at length 20, 21 that, given the low temperature at which the InGaAsN QWs are grown, the appearance of interface alloy imperfections due to the changing of the band gap originating from the N addition, is practically unavoidable. Thus, some of the parameters needed to be determined to build the k.p Hamiltonian that are not currently reported. Thereby, interpolation procedures should be put in place. For both the ternary A x B 1Àx C and quaternary A x B 1Àx C 1Ày D y alloys, we interpolated between reported values of band parameters corresponding to the relevant binary alloys. The relevant parameters obtained by interpolation using the expressions in Ref. 22 are listed in Table I . However, for the energy gap, the nitrogen content causes an anomalous shrinking impossible to emulate by simple interpolation.
Note that for both GaN and InN, the value of the energy gap exceeds the one for InGaAs regardless of the In content. Thus, we used available alternative models to obtain the gaps of the ternary E In x Ga 1Àx As g and quaternary alloys E In x Ga 1Àx As 1Ày N y g , [23] [24] [25] which accounts for the coupling between the nitrogen resonant level and the conduction band edge. The band-offsets were calculated from the difference of the energy gaps between the wells and the substrates.
The qualitative effect of localization can be introduced into the discussion by assuming the presence of small localization cores of volume X. The wave function W 0 , defined within V 0 , transforms to W ¼ W 0 þ /, where / is defined within the volume X, and the Hamiltonian, H 0 , transforms to
For a cylindrical localization core, as represented in Fig.  2 (a), according to Eq. (3), the diagonal energy values of the hh and lh valence band ground states localized within X are given by
and D z are the effective dimensions of the localized state at the interface due to disorder and a 1 ' 2:4048, is the zero of the Bessel function
The corresponding correction to the energy difference between both valence sub-bands,
, is given by 
, the binding energy for the unperturbed wavefunction confined within the QW and spread laterally within the effective Bohr radius R eff .
To quantify the net effect of disorder within a single particle model, we may consider a local one monolayer fluctuation of the QW size, which according to Table I (8) and (9) and shown in Fig. 2(b) 
IV. RESULTS
The HRXRD results shown in Figure 3 show that the introduction of nitrogen induces a reduction in the lattice parameter along z, leading to a shift of the diffraction angle toward the peak of GaAs.
For relaxed layers, the lattice parameter aðx; yÞ (12) of a quaternary system (e.g., In x Ga 1Àx As 1Ày N y layer) can be calculated-e.g., by applying Vegard's law-when the atomic concentrations x and y are known. In our case, we can write for the (relaxed) lattice parameter of In x Ga 1Àx As 1Ày N y QWs aðx; yÞ ¼ aðIn x Ga 1Àx As 1Ày N y Þ ¼ x Á aðInAs 1Ày N y Þ þ ð1 À xÞaðGaAs 1Ày N y Þ: (13) From the first 29 and second terms, 30 we obtain that aðIn x Ga 1Àx As 1Ày N y Þ ¼ aðIn x Ga 1Àx AsÞ À y Á 1:0605Å
This implies that the lattice parameter in the N-content QW is slightly lower than in the N-free QW. Therefore, the main influence of N in the structural properties of QW is the reduction in compressive strain due to a decreasing in the lattice parameter as compared to N-free QW. This result is consistent with the behavior shown in Fig. 3 , where the band related to N-content QW is near the substrate peak at (004) direction. Figure 4 shows typical PL spectra for the reference and N-containing double QWs at different temperatures. The PL spectra at 10 K reveal two emission peaks attributed to different QW widths: at 1.212 eV and 1.153 eV for the reference sample and at 1.112 eV and 1.055 eV for the Ncontaining QWs. As expected, the PL peak energy presents a red shift for N-containing QWs due to the reduction in energy gap with N-content. We have particularly studied the temperature dependence of the PL peak energy and its PL intensity for both samples in the range 10-300 K. Figure 5 presents the theoretical and experimental results for the temperature dependence of the PL peak energy for both QWs with and without N. PL peak positions were estimated theoretically in the presence and absence of strain effects. In general, the decrease in emission energy as a function of temperature follows the Varshnii model
The values of the parameters used in the calculations are presented in Table I and were obtained by the interpolation procedure described above. Varshni's parameters were also Table II .
If we ascribe the gap modification to strain effects, the values of the deformation e k necessary to adjust the theoretical and experimental curves are given in Table III . It is worth noting that in the case of the In 0.36 Ga 0.64 As QWs, the values of Varshni's parameters obtained by the interpolation process yield an adequate adjustment with the experiment, yet for the nitrogenated alloy, the experiment could only be fitted by reducing the value of a, as indicated in Fig. 5 . In what follows, we will show that beside the strain effects, various features detected experimentally can be unambiguously ascribed to the confinement modulation.
It is well known that high density of structural defects is introduced during the low temperature growth of the QWs such as 450 C. We have observed a S-shape for the temperature dependence of the peak position which was associated to exciton localization by these imperfections. 8, 33 We remark that such S-shape behavior was observed for both samples and is mainly related to the low temperature growth conditions. As expected, the InGaAsN QWs show more significant S-shape behavior as compared to the reference sample. In fact, emissions at low temperatures are dominated by LEs trapped in deep states which results in lower energy emission. For higher temperatures, these emissions are dominated by delocalized excitons (DL) and the temperature dependence of PL peak energy follows the Varshnii expression. Therefore, the observed S-shape behavior cannot be explained by strain effects and is mainly associated to localization of carriers by structural defects. Figure 6 presents the temperature dependence of PL intensity for both samples. The integrated PL intensity as a function of temperature can be fitted by the phenomenological expression and to simplify the characteristic of integrated density as a function of temperature, we used two nonradiative processes: c(1) relative to localized and c(2) delocalized excitons, where the parameter (1) is related to the process predominant at low temperatures and (2) at high temperatures: 34, 35 
where E a (1,2) are the thermal activation energies, c(1,2) are the ratios between radiative and non-radiative lifetimes and I 0 is the intensity at T ¼ 0 K. The fitting parameters are presented in Table IV . Both samples (N-containing and reference) present similar values of activation energy for localized excitons, which are associated to a similar density of structural defects introduced during the growth at similar lower temperatures. However, differences in the activation energies and radiative lifetimes ratios for the delocalized excitons' processes reflect a slight different localization effect for the N-containing sample which persists at higher temperatures.
We observed a higher intensity for the thinner QW in the nitrogenated sample as compared to the thicker QW. To ascribe this contrast to confinement effects, we can emulate the wave functions, W eðhhÞ ¼ F eðhhÞ ðzÞ/ eðhhÞ ðr; hÞ, within a finite barrier QW, V e (z) for electrons and V hh (z), for holes, according to the corresponding band offsets at the can be calculated as given in Fig. 7 . It can be clearly seen in Fig. 7 (a) that by only reducing the QW width would not produce an increase of in the oscillator strength proportional to the overlap of wave functions. Yet, promoting a lateral effective confinement, either by reducing the value of the effective radius, R, or by increasing the magnetic field strength, as shown in Fig. 7(b) , the probability of the electron-hole recombination can be enhanced. Figures 8(a) and 8(b) show the polarization-resolved PL spectra at a low temperature for B ¼ 0 T and B ¼ 15 T. We have determined the diamagnetic shift and spin-splitting as well as the polarization degree of optical emission.
A reduction in the diamagnetic shift is observed for N-containing samples, which indicates an increase in the electron-hole pair reduced mass as discussed below. We also observed an anomalous behaviour for the magnetic shift of the 4 nm InGaAsN QW. It should be highlighted that this effect can be well ascribed to both strain and confinement modulation. The non-linear behavior of the magnetic shift of the valence band ground state calculated from the multiband k.p Hamiltonian was characterized in Fig. 9(a) for positive strain in an InGaAs QW. Yet, even for negative strains, as reported experimentally, a decreasing aspect ratio in confined hole states at the interfaces may lead to a drastic nonlinear response as shown for a InGaAsN, 4 nm, QW in Fig. 9(b) . Note that negative values of m h xy ðBÞ can be attained at low fields. This will ultimately lead to increases in the reduced mass l xy ¼ m e xy =ð1 À m e xy =jm h xy jÞ, flattening the magnetic shift of the electron-hole pair emission peak, as observed in the experiment in Fig. 8 or even an inversion of its sign, turning the electron-hole magnetic shift negative. This effect has already been predicted and measured for confined excitons. 27, 28 For a qualitative discussion, let us assume the magnetic energy of a trapped electron as given by an effective Hamiltonian and presented in Eq. (17) . In this case, the solution for the ground state energy due to the lateral and magnetic confinement (the mean value over the spin-split states) is given by
By using the electron mass reported in Table I , we calculated the effective magnetic shift for the single particle energy according to Eq. (18) and plotted it in Fig. 9(c) for an effective radius of the lateral confinement R ¼ 1.2 nm. This result would correspond to the weak magnetic field regime discussed in Ref. 6 when
Then, by adding the electron shift to the hole magnetic shift one obtains the net relative electron-hole energy modulation is obtained, which is also shown. Thus, the non-linear magnetic shift observed experimentally can be ascribed to the field tuning of the hole effective mass, m h xy ðBÞ, due to nonparabolicity and inter-subband coupling.
Additional features of the spin response under a magnetic field were revealed with circular optical polarization. 
where I(r) is the intensity of the PL signal with respect to the polarizations r À and r þ . We note two important aspects: (i) a finite polarization degree was detected at 0 T for the InGaAs QW and (ii) there are unambiguous polarization fluctuations as the magnetic field increases in the InGaAsN QW. The first phenomenon has been reported for some systems 36 and it is under investigation, while the second one can be attributed to the spin dynamics during carrier relaxation at the conduction band. 37 We have observed that the polarization degrees for the N-2containing samples are slightly higher than for N-free samples and the spin-dependent effects are stronger for wider QWs for both systems. Remark that under higher magnetic fields, the spin polarization degree remains within the range of [À20, À10%], regardless of the structural parameters of the QW. Yet, for the spin-splitting, as shown in Fig. 11 , a more significant dependence on the QW composition and size was attained.
It can be observed that there was an increase in excitonic spin-splitting for N-containing QWs. Particularly, at higher fields, the spin-splitting is around 1.3 meV for the reference QW7, while for N-containing QW it is around 4.0 meV. However, the polarization degree, although affected directly by the increase in the excitonic spin-splitting, does not follow the same trends.
For the characterization of the magneto-optical response and its correlation with the electronic structure, we shall focus on relevant valence band effects. The magnetic field effects in the valence band are presented in Fig. 12 , where the Valence Band Zeeman Splitting of the ground state at 15 T is shown. It can observed that the character change around 0.3%, also presented in Fig. 1 leads to a drastic shift in this magnetic splitting. It is also important to highlight the sign inversion of the splitting by varying the values of the compressive strain, where the character of the ground state is predominantly hh.
An equivalent behavior would be expected by decreasing the aspect ratio, ð
2 , as indicated in the upper axes. Thus, the effect of the compressive strain is counterbalanced by a decrease of the aspect ratio in a confined state at the interfaces. The aspect ratio decrease can even tune a character change of the valence band ground state making it more lh-like. The values obtained for the valence band spin splitting in the vast part of the parameter range, shown in Fig. 12 (calculated at B ¼ 15 T), are in accordance with the values detected in the experiments for the electron-hole pair recombination. Yet, close to the parameter boundary where a character change takes place at the ground state, sudden changes of the magnetic response can be expected.
According to the values represented in Fig. 12 , we calculated the degree of spin polarization (DSP) of the valence band ground state, shown in Fig. 13 . We used the equation 38 where DE "# is the energy difference between the spin-up and down states. The ratio s s /s was set to 0.1 that is reasonable for QWs of this size. 38 Note in this case that despite the monotonic variation of the Zeeman splitting described before as a function of the structural parameters (strain and aspect ratio of the confined state), the DSP for holes in Fig. 13 follows very flat behaviors at T ¼ 2 K below and above the critical parameter region (e jj $ 0:5 in Fig. 13(a) or D xy =D xy $ 0:5 Fig. 13(b) ), where the character of the valence ground state changes. The valence band DSP is, under these conditions, close to À10%, at B ¼ 15 T. Thus, the experimental observation of a slight dependence of the polarization degree on the structural parameters can, in principle, be ascribed to the spin polarization of the valence band ground state. Therefore, systems with an n-type character should have the polarization defined by the minority carriers at the valence band.
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V. CONCLUSIONS
The experimental and theoretical magnetic response of electron-hole pairs in InGaAsN quantum wells were investigated and correlated. Our results reveal peculiar behavior for hole spin polarization and diamagnetic shift as function of magnetic field, strain modulation, and carrier localization. It was shown that the spin polarization degree is dependent of the character of valence band ground state. The observed anomalous behavior of the electron-hole pair magnetic shift at low magnetic fields was associated to the increase in the exciton reduced mass due to the negative effective mass of the valence band ground state which results in the observation of negative magnetic shifts. Finally, our results show that the valence band effects are an important issue for the physical properties of dilute nitrite semiconductor nanostructures.
